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ABSTRACT
We implement the KORAL code to perform two sets of very long general relativistic radiation
magnetohydrodynamic simulations of an axisymmetric optically thin magnetized flow around
a non-rotating black hole: one with a new term in the electromagnetic field tensor due to the
radiation pressure felt by the plasma electrons on the comoving frame of the electron-proton
plasma, and one without. The source of the radiation is the accretion flow itself. Without
the new term, the system evolves to a standard accretion flow due to the development of
the magneto-rotational instability (MRI). With the new term, however, the system eventually
evolves to a magnetically arrested state (MAD) in which a large scale jet-like magnetic field
threads the black hole horizon. Our results confirm the secular action of the Cosmic Battery
in accretion flows around astrophysical black holes.
Key words: accretion, accretion disks – black hole physics – relativistic processes – methods:
numerical
1 INTRODUCTION
Magnetic fields are an important constituent of cosmic plasmas at
all astrophysical scales. Absent in a homogenous and isotropic uni-
verse, most researchers believe that they originate in ‘battery’ cur-
rents (Biermann 1950) that generate seed magnetic fields which
are subsequently amplified by stretching in planetary and stellar
interiors, accretion disks and generally rotating astrophysical plas-
mas. Most direct observations through Faraday rotation, polariza-
tion, Zeeman effect, etc. show a generally turbulent magnetic field
structure on all astrophysical scales, from planets to galaxy clus-
ters.
On the other hand, an important class of astrophysical struc-
tures, namely winds and jets from accretion disks around com-
pact objects (primarily black holes), can most economically be ex-
plained through large scale grand design helical magnetic fields that
extend from the immediate vicinity of the central compact object up
to several million times larger scales. This theoretical picture is sup-
ported both by indirect observational evidence (e.g. AGN warm ab-
sorbers, Faraday Rotation-Measure gradients in astrophysical jets,
polarization measurements, XRB Hardness-Intensity Q-diagrams,
? E-mail: icontop@academyofathens.gr (IC)
momentum vs energy content in the wind, GRB exponential after-
glow decay, etc.), and by state of the art magneto-hydrodynamic
(MHD) simulations. However, there is still no universally accepted
theory that may account for the origin of a large scale ordered field
near the center of an accretion disk, and several researchers have re-
cently begun to look to other possible mechanisms for astrophysical
jets and winds like radiation pressure, hydrodynamics, collimation
by an external medium, etc. (e.g. Sa¸dowski & Narayan 2015).
A few years back, a simple astrophysical mechanism was pro-
posed that operates in the innermost accretion flows around astro-
physical black holes, the so called ‘Cosmic Battery’ (hereafter CB;
Contopoulos & Kazanas 1998). According to the CB, the electrons
of the orbiting plasma at the inner edge of the accretion disk around
the central black hole are subject to the radiation pressure of the
ambient radiation field, while this is not the case with the plasma
protons, on which the radiation pressure is negligible. In the frame
of the plasma, the radiation field is abberated due to the orbiting
motion and therefore, the resulting radiation pressure develops a
significant toroidal component in the direction opposite to the di-
rection of rotation1. This is analogous to the well known Poynting-
1 As we will discuss below, this statement is modified when the central
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Robertson radiation drag on dust grains in orbit around the sun in
our solar system. This toroidal component of the radiation force,
then, gives rise to a non-zero component of a toroidal electric field
Eφ, the curl of which gives rise to a secular growth of poloidal mag-
netic field.
It is straightforward to obtain an estimate of the timescale
for growth, in particular, how much time is required for the CB-
induced magnetic field to grow to the same level as the MRI-
sustained magnetic field. We make at this stage the simplifying
assumption of negligible accretion, i.e., we presume that the CB-
related growth takes place in an orbiting non-accreting plasma flow.
In hot accretion flows the magnetic pressure saturates at some frac-
tion of the thermal pressure. This, in turn, is close to the virial en-
ergy obtained by the gas in a hot accretion flow (Yuan & Narayan
2014), i.e., pthermal ≈ (Rg/R)ρc2. The density ρ can be related to
the accretion rate, M˙ ≈ 4piR2ρvR, assuming the infall velocity to
be close to its free-fall value vR ≈ c
√
2Rg/R. Hereafter, we define
the gravitational radius Rg ≡ GM/c2 for a black hole of mass M as
the unit of length, and τg ≡ Rg/c as the unit of time. Under such
assumptions we obtain an estimate of the magnetic field strength in
an optically thin disk as follows,
Bsat ≈ 108
(
R
Rg
)− 54 ( M˙
M˙Edd
) 1
2
(
M
10M
)− 12
G. (1)
In this work we adopt the following definition for the Eddington
mass accretion rate,
M˙Edd =
LEdd
c2
, (2)
where LEdd = 4piGMmpc/σT = 1.26 × 1038 M/M erg/s is the Ed-
dington luminosity.σT is the Thompson cross-section for scattering
on electrons, mp is the proton mass, and c is the speed of light. For
the case considered in this paper, the spin of the black hole is zero,
M = 10M, and M˙Edd = 1.40 × 1018 g/s.
In an isotropic radiation field of central luminosity L the Ke-
plerian rotation will result in a toroidal component of the radiation
energy flux in the flow (comoving) frame
Fφ =
L
4piR2
vφ
c
≈ L
4piR2
(
R
Rg
)− 12
. (3)
The induced electric field equals Eφ = σTFφ/ce, where e is
the magnitude of the electron charge. This yields the CB-related
growth of the magnetic field,
dBθ
dt
=
c
R
d
dR
(
REφ
)
≈ 104
(
L
LEdd
) (
R
Rg
)− 72 ( M
10M
)−2
G · s−1. (4)
The CB growth timescale is therefore,
τCB ∼ BsatdBθ/dt ≈ 4×10
3
(
L
LEdd
)−1 ( M
10M
) 3
2
(
M˙
M˙Edd
) 1
2
(
R
Rg
) 9
4
s . (5)
Obviously, in strongly sub-Eddington accretion flows, the
timescales required for magnetic field saturation are much longer.
The above introduction on the Cosmic Battery is overly sim-
plified, and its actual implementation is more complicated than our
simple growth rate calculation above. In fact, the induced toroidal
electric field is confined to a region of small radial extent around
black hole rotates at more than about 70% of maximal rotation. In that case,
the inner edge of the accretion disk approaches close enough to the black
hole horizon for the space-time rotation effect on photons to win over the
abberation due to the orbital motion.
the inner edge of the accretion disk, and as a result, it generates
poloidal magnetic field loops with one polarity crossing the iner-
most accretion flow, and the return polarity crossing the disk fur-
ther out. Obviously, the total generated poloidal magnetic flux that
threads the disk is zero. An ideal accretion flow would thus ad-
vect these poloidal magnetic field loops toward the vicinity of the
central black hole, and as a result, the total accumulated magnetic
flux would saturate to a value on the order of τg(dBθ/dt) which is
many orders of magnitude smaller than Bsat (τg ≡ Rg/vR  τCB).
This has been the central point of criticism by Bisnovatyi-Kogan
et al. (2002). What the latter authors did not take into account was
that accretion disks are not ideal throughout, except for their iner-
most section where matter freely falls onto the black hole horizon.
They are turbulent, thus also viscous and resistive/magnetically dif-
fusive. Therefore, it is natural to assume that the inner part of the
poloidal magnetic field loops is advected by the inermost ideal ac-
cretion flow, whereas the outer part of the loops diffuses outward
through the turbulent disk. Thus, the two polarities of the generated
poloidal magnetic field are separated, the battery mechanism oper-
ates continuously, and the field can grow to its maximum possible
saturation value. This important point of Contopoulos & Kazanas
(1998) has been missed by Bisnovatyi-Kogan et al. (2002).
In order to convince ourselves and the scientific community
that the CB operates as described above, we performed in the past
several numerical simulations of the process (Contopoulos et al.
2006; Christodoulou et al. 2008; Contopoulos et al. 2015). In all
of them, though, the source of radiation has been considered to be
isotropic as in eq. (3) (e.g. a non-rotating central star). Moreover,
previous simulations were performed in Newtonian (not general-
relativistic) spacetime. Koutsantoniou & Contopoulos (2014) were
the first to study the radiation field in an actual accretion flow
around a real astrophysical black hole when the source of radia-
tion is the accretion disk itself, and its radiation field is distorted
both by the disk and spacetime rotation. We will come back to the
main conclusions of their work in § 4 below.
In the present work we perform the first fully general-
relativistic magneto-hydrodynamic numerical simulations with ra-
diation that include the effect of the CB. We consider a magne-
tized flow around a 10M non-rotating (Schwarzschild) black hole
in which the radiation field is generated by the flow itself. The dy-
namical time τg is on the order of a tenth of a millisecond (10−4 s).
The radiation field in our simulation is strongly sub-Eddington with
L/LEdd ∼ 10−4, and eq. 5 yields a rough estimate of the timescale
required for the Cosmic Battery to manifest itself, namely,
τCB ∼ 108 s ∼ 1012 τg . (6)
Obviously, it is impractical to perform a simulation that lasts for
trillions of dynamical times, and therefore, in order to be able to
observe the growth of the magnetic field to saturation within our
finite available simulation time, we have artificially increased the
CB radiation-induced term in the induction equation by nine orders
of magnitude, similarly to what we did in past numerical simula-
tions of the process. Our results confirm the operation of the CB in
realistic accretion flows.
2 NUMERICAL SIMULATIONS
We performed numerical simulations with the general relativistic
radiation MHD code KORAL which employs the M1 scheme to close
the radiation moment equations. Essentially, the code treats radia-
tion as a ‘fluid of photons’, and the M1 scheme assumes that there
MNRAS 000, 000–000 (0000)
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exists a ‘rest frame’ in which the radiation flux vanishes and the ra-
diation tensor is isotropic. For a detailed description of the code, the
reader should consult Sa¸dowski et al. (2013, 2014a). In the present
section, we focus only on the modifications needed to account for
the effect of the Cosmic Battery.
The conservation laws for gas density, energy and momentum,
radiation energy and momentum, and photon number can be written
in covariant form,
(ρuµ);µ = 0, (7)
(T µν);µ = Gν, (8)
(Rµν);µ = −Gν, (9)
(nuµ);µ = n˙, (10)
where ρ is the gas density in the comoving fluid frame, uµ is the gas
four-velocity, T µν is the MHD stress-energy tensor,
T µν = (ρ + uint + p + b
2)uµuν + (p +
1
2
b2)δµν − bµbν, (11)
with uint and p = (γint − 1)uint representing the internal energy
density and pressure of the gas in the comoving frame with adi-
abatic index, γint, and bµ - the magnetic field 4-vector (Gammie et
al. 2003). Rµν stands for the radiative stress-energy tensor and n for
the photon number density.
The magnetic field is evolved under the ideal MHD approxi-
mation,
F∗µν;ν = 0, (12)
where F∗µν is the dual of the electromagnetic field tensor. The time
component of this equation reflects the no-monopole constraint,
and the space components correspond to the induction equation,
which in coordinate basis takes the following form,
∂t(
√−gBi) = −∂ j
(√−g(b jui − biu j)) , (13)
where Bi is the magnetic field three-vector (Komissarov 1999)
which satisfies,
bt = Biuµgiµ , (14)
bi =
Bi + btui
ut
. (15)
The flux-interpolated contrained transport (Flux-CT) method of
Tóth (2000) prevents numerical generation of spurious magnetic
monopoles.
The radiative stress-energy tensor is obtained from the evolved
radiative primitives, i.e., the radiative rest-frame energy density,
and its four-velocity, uµR, following the M1 closure scheme modi-
fied by the addition of radiative viscosity (see Sa¸dowski et al. 2013,
2015, for details). The interaction between the gas and the radia-
tion, i.e., the transfer of energy and momentum, is described by the
radiation four-force density Gµ. The opposite signs of this quan-
tity on the right hand sides of Eqs. 8 and 9 reflect the fact that
the gas-radiation interaction is conservative, i.e., it transfers energy
and momentum between gas and radiation. The detailed form of
the four-force density is given and discussed in Sa¸dowski et al.
(2014b).
2.1 A new component in the electromagnetic stress-energy
tensor
Radiation generates an electric field if there is a non-zero radiation
flux F iˆ ≡ Giˆ/(κρ) in the fluid (comoving) frame (we denote with
hats quantities measured in the comoving frame). Here, κ = σT/mp.
This is, however, a necessary but not sufficient condition. We fur-
ther need the plasma to consist of ‘light’ electrons and ‘heavy’ pro-
tons. In other words, the electric field results from the momentum
transfer of the radiation pressure felt by the plasma electrons onto
the plasma protons. Obviously, an electron-positron plasma may
feel a non-zero radiation flux in its comoving gas frame, but no
electric field develops.
Within the formalism of Sa¸dowski et al. (2014b), the rate of
momentum exchange between the gas and radiation is described
by the spatial components of the radiation four-force, Gµ. As we
have argued above, in the fluid (comoving) frame, for which uµˆ =
(1, 0, 0, 0), we obtain
EµˆCB =
0, σTF iˆec
 = (0,Giˆ mp
ρec
)
. (16)
We can rewrite eq. (16) in covariant form (thus we can drop the
hats) as follows,
EµCB = h
µ
νG
ν
mp
ρec
, (17)
where hµν = δ
µ
ν +uµuν is the projection tensor, and uµ is the gas four-
velocity. The new components of the dual electromagnetic field ten-
sor, therefore, are
F∗µνCB = −µναβ(ECB)αuβ = −µναβhαγGγuβ
mp
ρec
, (18)
which leads to the modified induction equation
∂t(
√−gBi) = −∂ j
(√−g(b jui − biu j) + √−g i jαβ(ECB)αuβ)
= −∂ j
(√−g(b jui − biu j +  i jαβhαγGγuβ mp
ρec
)
)
. (19)
It is interesting that the CB term involves the radiation four-force
density Gµ which is already calculated in the numerical code, and
does not require the calculation of extra quantitities. Therefore, its
inclusion has no extra computational cost for an MHD+radiation
simulation.
This is the first time that the extra CB term appears in the
general relativistic form of the induction equation. Our goal in the
present work is to include this term in an MHD+radiation numeri-
cal simulation and to thereby study its role in generating large scale
magnetic fields in astrophysical black holes and accretion disks.
It is important, though, to emphasize once again that the CB is a
slow process, and this may have been one of the reasons why previ-
ous researchers did not include it in the induction equation. In fact,
its inclusion would not modify the results of previous simulations
since, in order to manifest its effect within the finite available com-
putational time of those simulations, it would need to have been
artificially amplified by several orders of magnitude.
2.2 Simple numerical test
Before we proceeded with a realistic simulation, we needed to
check our numerical setup. We thus devised the following simple
test. We considered a one-dimensional flow in the region −L < x <
L, and −∞ < y < +∞, −∞ < z < +∞. At time zero (t = 0) the fluid
velocity is, v = vy = +V . We further considered a simple radiation
field with radiation flux along the y direction in the lab frame such
that
MNRAS 000, 000–000 (0000)
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Figure 1. Bz component of the magnetic field at the beginning of the test
problem and at two consecutive times.
f y = 0 for x < −3L/4 and for x > 3L/4,
f y = −F for −L/2 < x < L/2,
f y = −F(x + 3L/4)/(L/4) for −3L/4 < x < −L/2,
f y = −F(x − 3L/4)/(L/4) for L/2 < x < 3L/4.
We also considered an incompressible fluid with ρ = ρ0 = const,
and zero pressure (p = 0). Due to the radiation pressure, the veloc-
ity decelerates continuously as
v = vy = V + ( f yσT/mp)t .
The radiation flux in the fluid frame becomes
f yˆ = f yΓ2 =
f y
1 − v2/c2 .
This in turn generates an electric field in the fluid frame
E yˆ = f yˆσT /e ,
the curl of which yields the growth of a magnetic field. Initially,
the magnetic field and current are small, thus the resulting Lorentz
force will not affect the velocity evolution derived above. As the
fields grow though, they will affect the flow dynamics and the
growth will saturate. At small times, B = Bz = (d f yˆ/dx)t/e, thus
B = 0 for x < −3L/4 , x > 3L/4 and −L/2 < x < L/2,
B = Bz ≈ 4Ft/Le for −3L/4 < x < −L/2,
B = Bz ≈ −4Ft/Le for L/2 < x < 3L/4.
Obviously, the magnetic field topology consists of vertical lines that
close at infinite z distance.
Our numerical code closely reproduces the above analytical
magnetic field profile (see figure 1). We consider this result as a
simple test of our numerical procedure, and are now ready to tackle
the realistic astrophysical problem of a radiating magnetized accre-
tion flow around an astrophysical black hole.
3 THE COSMIC BATTERY IN OPTICALLY THIN
ACCRETION FLOWS
We performed a set of two simulations of sub-Eddington, optically
thin accretion flows around a non-rotating 10M black hole. The
difference between the two simulations is the activation, or not, of
the CB term due to the radiation field acting on the plasma elec-
trons that we discussed in the previous sections. The aim of this
Figure 2. Poloidal magnetic field evolution when the CB term is activated.
In the left-hand panel we show the instantaneous poloidal field with orange
and purple color denoting right and left-hand magnetic field loop direction
with respect to the φ direction respectively. In the right-hand panel we plot
the part of the induction equation due to the cosmic battery (last term in the
r.h.s. of eq. 19). From top to bottom three different time slices are shown, at
t = 22000, 30640, 35490 τg.
MNRAS 000, 000–000 (0000)
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comparison is to emphasize the importance of the CB term, since,
as we will see, it results in significant accumulation of non-zero
magnetic flux around the central black hole. Our results prove that
the Cosmic Battery, if acting for a long enough time, may drive ev-
ery accretion flow towards the magnetically arrested (MAD) state.
Our simulations were performed in axisymmetry to reduce compu-
tational costs. Snapshots of the magnetic field structure in the sim-
ulation with the CB term at various times are shown in figures (2)
& (3). The left-hand panels show the instantaneous poloidal field,
whereas the right-hand panels show the instantaneous contribution
of the Cosmic Battery (last term in the r.h.s. of eq. 19). Orange
and purple color contours denote right and left hand side magnetic
field loops with respect to the φ direction respectively (equivalently,
these loops appear as counter-clockwise and clockwise in the left
panels of figures (2) & (3) respectivly, but clockwise and counter-
clockwise in the right panels respectively).
The initial setup is the same in both simulations. The torus
is seeded with a purely poloidal magnetic field broken down into
small poloidal loops of alternating polarity (see Narayan et al.
2012, for details). The reason we consider a nonzero initial mag-
netic field is simply to trigger the MRI which will, in its turn, ini-
tiate accretion. Each loop carries the same amount of initial seed
magnetic flux so that, without the CB term, the black hole is unable
to acquire a large net flux over the course of the simulation. In other
words, without the CB term, the accreting gas cannot and in fact
does not become magnetically arrested, despite the very long dura-
tion of the simulation. This has been seen in detail in the ‘SANE’
simulation of Narayan et al. (2012) (‘SANE’ stands for ‘standard
and normal evolution’), so there is no need to discuss the first part
of the simulation where the magnetic field generated by the CB is
still insignificant.
After 20000 τg from the beginning of the ‘SANE’ simulation,
a second simulation was started in which we turned on the new CB
term. We run the two simulations in parallel for another 25000 τg
and compared the two evolutions. As in the first simulation, the
MRI continuous to generate turbulence, the disk continues to ac-
crete, and the simulation proceeds for a while as a ‘SANE’ simula-
tion. Meanwhile, the CB generates poloidal magnetic field as seen
in the right-hand panels of figures (2) and (3), but other than that,
there is no significant manifestation of the Cosmic Battery in the
process. Nevertheless, as pointed out by Contopoulos & Kazanas
(1998) and Christodoulou et al. (2008), ‘the importance of the CB
effect lies in its secular nature. The poloidal magnetic field is ex-
pected to be amplified by the continuous accumulation of magnetic
flux due to the persistent large-scale velocity field, and its magni-
tude will eventually reach dynamically significant levels’. Indeed,
at around 35000 τg the effect of the CB begins to manifest itself in
the overall magnetic field structure!
As time progresses, the CB contribution becomes more and
more significant. In a previous study, Contopoulos et al. (2006)
and Christodoulou et al. (2008) simulated the CB-induced mag-
netic field growth in a Newtonian simulation under the assump-
tion of a prescribed central isotropic radiation field. As a result,
magnetic field loops were generated mostly in the vicinity of the
central object, namely at the position of the innermost stable circu-
lar orbit (hereafter ISCO). In the present study, though, the source
of the radiation is the accretion flow itself, and therefore, the CB
term is activated everywhere throughout the flow. Mostly poloidal
magnetic fields are generated, and the poloidal component is subse-
quently converted to azimuthal by the shear of the flow. Magnetic
field loops are generated not only close to the black hole in the
ISCO neighborhood, but also further out, as seen in all right-hand
Figure 3. Similar to figure 2, from top and bottom two different time slices
are shown, at t = 45680, 48000 τg.
side panels of figures 2 & 3. Obviously, the CB effect is stronger in
the vicinity of the black hole.
In the middle panel of figure 2 a large amount of magnetic
loops with right hand side polarity with respect to the φ direc-
tion (orange color) are generated close to the black hole. At this
point the whole magnetic structure begins to diverge from a SANE
picture with multiple magnetic loops of alternating polarity, to a
structure dominated by big magnetic loops of one polarity in the
region inside about 50 Rg around the black hole (orange color, mid-
dle panel fig. 2). Further out, the multiple polarity structure is still
evident, but it is gradually wiped out as the simulation progresses.
The first important result of the activation of the CB term is
precisely the production of these magnetic loops. The inner foot
point of such a loop ends, due to accretion, on the black hole. On
the other hand, the outer foot point remains anchored onto the ro-
tating disk matter. This difference in rotation of the foot points of
a magnetic field loop results in the loop puffing up and eventually
becoming torn apart in two independent magnetic field lines. This
opening up of poloidal magnetic field loops is a natural result seen
also in simulations with a force-free environment above the disk
and around the axis (e.g. Contopoulos et al. 2015; Parfrey et al.
2015). The final result of such a physical procedure, would be a
large scale magnetic field of one poloidal polarity over the black
hole, and a magnetic field of the opposite polarity threading the
MNRAS 000, 000–000 (0000)
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accretion disk. It is interesting that several specific predictions of
the CB on the magnetic field polarities have been confirmed obser-
vationally (see e.g. Contopoulos et al. 2009; Christodoulou et al.
2016).
In the present ideal-MHD simulation magnetic field lines re-
main connected till the end of the run (bottom panel of figure 3).
The outer part of each generated magnetic loop moves outwards
through the disk, forming a fingered structure inside the disk as
can be seen if the left-hand and bottom panel of figure 3. In our
present study, the outward movement of the outward footpoint is
a result of numerical diffusion, since no explicit magnetic diffusiv-
ity has been included in the code. In realistic conditions, accretion
disks are expected to be diffusive. We do expect that the introduc-
tion of magnetic diffusion in the outer parts of the accretion flow
will have a significant impact on the growth rate of the magnetic
field accumulated over the black hole (Contopoulos et al. 2015).
Moreover, the magnetic field threading the disk at large scales will
not reach equipartition values since it will continuously diffuse out-
ward, probably also launching a magnetic disk wind in the process
(Blandford & Payne 1982; Contopoulos & Lovelace 1994). Again,
this intrinsic feature of the CB, namely the large scale outward field
diffusion through the accretion flow, could be tested against obser-
vations as it comes for free to explain certain features of disk out-
flows (e.g. Fukumura et al. 2017).
We measure the accretion rate in our simulations by integrat-
ing the mass flux over the black hole horizon.
M˙ =
∫ pi
0
2pi
√−g (ρur) dθ , (20)
In both runs, accretion is due to the MRI, and the two accretion
rates are of the same order. We further define Φ to be the normal-
ized magnetic flux threading each hemisphere of the BH horizon
and measure it by integrating the radial magnetic field over the BH
horizon,
Φ =
1
2
√
M˙
∫ pi
0
2pi
√−g |Br | dθ , (21)
Interestingly, the CB mechanism does not saturate even in this
ideal-MHD run, and continues instead to operates till the system
becomes a magnetically arrested disk (MAD, Narayan et al. 2003;
Bisnovatyi-Kogan & Ruzmaikin 1976; Igumenshchev et al. 2003).
Notice that the MAD state is obtained when the normalized mag-
netic flux reaches values Φ ∼ 40 − 50 (Tchekhovskoy et al. 2010;
Tchekhovskoy & McKinney 2012). The bottom panel of figure
4 shows a comparison of the magnetic flux between the CB run,
where the battery term is activated, and a typical SANE evolution
(Narayan et al. 2012). After 35000 τg the evolution of the mag-
netic flux accumulation onto the black hole deviates from the typ-
ical SANE run and an almost linear growth is evident. We should
state here once again that, in order to be able to observe this ex-
pected linear growth of the magnetic flux over a reasonable com-
putational time, the CB term in our present run is amplified by a
factor of 109 .
4 SUMMARY AND DISCUSSION
In this study we performed a comparisonn between two sub-
Eddington, optically thin accretion flows, which were initially
seeded with small scale poloidal magnetic flux of alternating po-
larity (SANE). In our basic CB run, the battery term discussed in
Figure 4. Top panel: evolution of the mass accretion rate in the two simula-
tions, one with the CB term amplified by a factor of 109 (red line), and one
without the CB term (blue line). Bottom panel: similarly for the magnetic
flux parameter Φ.
sections 1 and 3 was multiplied by a factor of 109 to reduce com-
putational cost, and was activated after 20000 τg in a SANE simu-
lation. The main result of the present study is that the initial SANE
model is driven towards a MAD state. This is a strong indication
that all accretion flows (from AGN to XRBs) may be driven by
the CB towards a MAD state. This may take place once or several
times during their lifetime, depending on the variable properties of
the accretion flow which would directly affect their bursting activity
(Kylafis et al. 2012).
The CB battery term gives rise to poloidal magnetic loops in
the disk. As accretion proceeds, the inner part of these loops is
advected onto the black hole horizon and contributes to the buildup
of a large scale magnetic field of a particular polarity. We should
state once again here the importance of the inclusion of physical
magnetic diffusivity in the accretion flow. Obviously, allowing the
outer part of the CB-generated magnetic loops to diffuse outwards
has an important impact on the structure of the magnetic field that
threads the accretion disk.
We should also state here that the initial magnetic field config-
uration has no impact on the CB-generated magnetic field. A seed
field was included just to initiate the MRI which subsequently leads
to accretion. As we said, the CB is a secular process that operates
continuously in the background of an otherwise turbulent flow. The
CB can build a magnetic field from zero, i.e. even if the initial flow
is unmagnetized.
Our present numerical simulations were performed for a non-
rotating (Schwarzschild) black hole. In that case, the radiation field
inside the accreting flow is more or less isotropic, and therefore,
in the frame rotating with the flow (the comoving frame), the ra-
diation field is abberated in the direction opposite to the direction
of rotation. This yields a radiation pressure force opposite to the
direction of rotation, and this essentially corresponds to the well
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known Poynting-Robertson effect of the solar radiation acting on
dust grains in the solar system. However, our previous work has
shown that this may change as the spin of the central black hole is
increased to more than about 70% of maximal rotation. Koutsan-
toniou & Contopoulos (2014) calculated the radiation field acting
on the surface of a centrifugally supported disk-like flow distribu-
tion by performing general relativistic ray tracing from every other
point on the surface of the disk. What they found was indeed un-
expected. At low black hole spins, the abberated radiation field is
qualitatively similar to what is described in eq. (3). As the black
hole spin increases, though, the inner edge of the disk (taken to lie
at the position of the ISCO) approaches more and more the black
hole horizon. As a result, the black hole horizon covers a larger
and larger field of view of the flow at the inner edge of the disk,
and as a result, the radiation field becomes strongly anisotropic. In
addition, spacetime rotation induced by the black hole spin favors
photon orbits along the direction of the black hole rotation, and not
against it. Koutsantoniou & Contopoulos (2014) discovered that at
a black hole spin around 70% of maximal rotation, the abberation
of the radiation field vanishes. For higher black hole spins, the co-
moving azimuthal radiation force (thus also the CB induced electric
field) changes sign near the black hole horizon since the innermost
accretion flow is essentially illuminated only from behind2!
Koutsantoniou & Contopoulos (2017) performed more de-
tailed simulations of optically thin torus-like flow distributions
(Polish doughnuts) and confirmed the conclusions of their earlier
work obtained with a much simpler source of radiation (multi-
temperature black body from the surface of the disk). Our next
goal will be to reproduce these results for various black hole spins
in a general relativistic MHD accretion flow simulation using the
KORAL code. If this change of direction of the CB effect around
the inner edge of the accretion disk is indeed established, this
will have strong implications for observations of large scale mag-
netic fields in astrophysical jets and disk (Contopoulos et al. 2009;
Christodoulou et al. 2016). Finally, Contopoulos & Papadopou-
los (2012) argued that the accumulation of a strong magnetic field
around the central black hole may modify the position of the ISCO,
and therefore, the change of direction of the CB effect around the
inner edge of the accretion disk may also have implications on our
observational estimates of black hole spin in active galactic nuclei
and X-ray binaries (e.g. McClintock et al. 2011).
One more interesting question to explore in the future is
whether the Cosmic Battery works well even when the accreting
gas is optically thick. KORAL can handle optically thick flows, so
we believe we are capable of answering this question.
ACKNOWLEDGEMENTS
AS acknowledges support for this work by NASA through Ein-
stein Postdoctotral Fellowship number PF4-150126 awarded by the
Chandra X-ray Center, which is operated by the Smithsonian Astro-
physical Observatory for NASA under contract NAS8-03060. AN
is supported by an Alexander von Humboldt Fellowship. RN was
supported in part by NSF grant AST1312651 and by the Black Hole
Initiative at Harvard University, which is supported by a grant from
2 Obviously, the latter results apply only to prograde disk rotation (that
is, rotation with the same direction as that of the black hole rotation). For
retrograde rotation, the abberated radiation force is always opposite to the
direction of rotation.
the John Templeton Foundation. The authors acknowledge compu-
tational support from NSF via XSEDE resources under grant TG-
AST080026N.
REFERENCES
Biermann, L. 1950, ZNatA, 5, 65
Bisnovatyi-Kogan, G. S., Lovelace, R. V. E., & Belinski, V. A. 2002, ApJ,
580, 380
Bisnovatyi-Kogan, G. S. & Ruzmaikin, A. A. 1976, Ap&SS, 42, 401
Blandford, R. D., & Payne, D. G. 1982, MNRAS, 199, 883
Christodoulou, D. M., Contopoulos, I., & Kazanas, D. 2008, ApJ, 674, 388
Christodoulou, D. M., Gabuzda, D., Knuettel, S., Contopoulos, I., Kazanas,
D., & Coughlan, C. P. 2016, A& A, 591, 61
Contopoulos, I., Christodoulou, D. M., Kazanas, D., & Gabuzda, D. 2009,
ApJ, 702, 148
Contopoulos, I., & Kazanas, D. 1998, ApJ, 508, 859
Contopoulos, I., Kazanas, D., & Christodoulou, D. M. 2006, ApJ, 652, 1451
Contopoulos, J., & Lovelace, R. V. E. 1994, ApJ, 429, 139
Contopoulos, I., Nathanail, A., & Katsanikas, M. 2015, ApJ, 805, 105
Contopoulos, I., & Papadopoulos, D. B. 2012, MNRAS, 425, 147
Fukumura, K., Kazanas, D., Shrader, C., Behar, E., Tombesi, F., & Con-
topoulos, I, Nature Astronomy, 1, 62
Gammie, C. F., McKinney, J. C., & Tóth, G. 2003, ApJ, 589, 444
Igumenshcehv, I. V., Narayan, R., & Abramowicz, M. A. 2003, ApJ, 592,
1042
Komissarov, S. S. 1999, MNRAS, 303, 343
Koutsantoniou, L. E., & Contopoulos, I. 2014, ApJ, 794, 27
Koutsantoniou, L. E., & Contopoulos, I. 2017, MNRAS, in preparation
Kulsrud, R. M., Cen, R., Ostriker, J. P., & Ryu, D. 1997, ApJ, 480, 481
Kylafis, N. D., Contopoulos, I., Kazanas, D., & Christodoulou, D. M. 2012,
A& A, 538, 5
McClintock, J. E. et al. 2011, CQGra, 28, 114009
Narayan, R., Igumenshchev, I. V., & Abramowicz, M. A. 2003, PASJ, 55,
L69
Narayan, R., Sa¸dowski, A., Penna, R. F., & Kulkarni, A. K. 2015, MNRAS,
426, 3241
Parfrey, K., Giannios, D., & Beloborodov, A. M. 2015, MNRAS, 446, L61
Sa¸dowski, A., & Narayan 2015, MNRAS, 453, 3213
Sa¸dowski, A., Narayan, R., Tchekhovskoy, A., & Zhu, Y. 2013, MNRAS,
429, 3533
Sa¸dowski, A., Narayan, R., McKinney, J. C., & Tchekhovskoy, A. 2014b,
MNRAS, 439, 503
Sa˛dowski, A., Narayan, R., Tchekhovskoy, A., Abarca, D., Zhu, Y., & McK-
inney J. C. 2015, MNRAS, 447, 49
Sa¸dowski, A., & Narayan, R. 2015, MNRAS, 454, 2372
Sa˛dowski, A., Wielgus, M., Narayan, R., Abarca, D., McKinney J. C. 2017,
MNRAS, 466, 705
Tchekhovskoy A., McKinney J. C., 2012, MNRAS, 423, L55
Tchekhovskoy A., Narayan R., McKinney J. C., 2010, New Astron., 15, 749
Tóth, G. 2000, Journal of Computational Physics, 161, 605
Yuan, F., Narayan, R. 2014, ARAA, 52, 529
MNRAS 000, 000–000 (0000)
